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REDUCTION THEQRY AID EXPERIMENTAL INVESTIGATICH OF IN SLIT
INJECTED POLYMER SOLUTION UNDER HIGH REYHOLD HWUMBERS

Wang Xiliang Xia Changsheng f‘

The addition of a small amount of drag-reducing polymer '*
in near-wall flow may greatly reduce the sliding friction. 1In
engineering we are interested in the theory and experimentation .}
of high Reynold number slit injection of drag-reducing polymer.
Our results are presented below,.

l. Differential relations of wall shear stress of slit-

iy

injected drag-reducing polymer solution in flow around a stream-
lined body of revolution.

This method 1s based on the velocity distribution of the !
Jjoint boundary layer in references (4) and (5). The equation i
is

ut = L = Alny* -+ B + bay" + AB
Ve

(1)

where u is the veloclty component along x direction in the

boundary layer; i1s the shear

Y = vay/vi ve =1, /p
velocity, T is the wall shear stress, p is the density; A,
B are constants, with A = 2.5 and B = 5.5; --—1—~£&,

Tole dz
V 1s the kinematic viscosity, p 1s the pressure;

AB =Tln(ve/vea), I =T (¢) is related to the concentration
Cs Vaop 1s the shear velocity at the onset of Hrag-reduction.:,
for zero or negative pressure §

‘_{ 0, gradient
0.6,

for positive pressure gradient.




The continuity equation of the flow around a bedy of

revolution is

8(ru) + o(re) -0
Ox Oy

(2)

When normal stress is nesmlected, the equation of motlon is

Ou Ou 1 8 1 8(rr
ll"——“+ —-n—-—-..—&. ._—__.2
Oz ”ay P Ox +p’. ay (3)

where x and y are respectively the tangential and normal direc-
tion of the object profile in the meridian plane; r = I, +
ycosd, ¢ 1s the angle between the x direction and the axis,

r, is the distance from a point on the object surface to the

axis. (Figure 1).

[

Figure 1. Coordinates of the body of revolutlon.

Ve
—

We assume the boundary layer to be a thin boundary layer
with thickness d<<ro.

Integrating equation (2), we get

dd +
b‘—_y +
U TS AT Mgy (€15, _1’_1'_,*(.;_’_’32!_—,4) (i)
dx 2 dx r 4




—a—i—-é-—[v.(/ﬂny + boy* + B + AB)) = d"(’+A+bﬂy)

Ox

dx (5)

Substituting equations (L) and (5) into (3) and noticing
that

dv (A du‘) mx
Yoo Lyt (S + 6o — ) =0, {33
“ Ve 2 y y + ’

then we get

+ du
ds da. —Lgdt) L4, *(+_w_-4)-——
u*? ——:+bv’ [uy zy dy rdxu.y s dy*
+ o _ +du> d(AB) _ 1_2_.’.1__@ + U= aai
P dx pr ay dx f"

Integrating the above equation from 0 to 6+ = ve8/v we get

+
J"‘G+b d“ H_._l._"_’-yla* [(A+b06 )o-—-—l-b‘a'aﬂ
* dx r dx 2 3
T =3 gpost - ZA’] + 02 5% (o — bas* — 24)3CLE)
2 dx
Liy_s* -_— 21.
dx b

-U (6)

where U s the flow velocity at the outer edge of the boundary
layer; u is the viscosity;

P
y -t Ve

(A 1 + 3
G = S u""dy’-d* [(a'— A),+A’—'b¢6* (0'_—506 "‘;’A)]
[ ]

o=-u*

H--—.‘L’-}—zs y*ut dy* ——-( — 4 -—6«3“)
[}

Let the stiffness approach infinity in equation (6) and let

VeuU/Ua, x=x/L, 7e==r/L » where U_ is the flow velocity at
infinity. L 1s the length of the body. Finally we obtain the
differential relation for the shearing stress of the body of
revolution with slit injection.




N 1\""sH

G — 3bal) o’ + = o(0'6* — G) — ‘(—-) —

( ) VO( Y=o v) %,
bas*

-p
+ L o5t [(A + ———)a ~Lpag— 3 g5t 2A']
r 2 3 2
~as* (0 — 24 — bas*)(AB)Y = RV
(7)

in which the ?* and the " represent the first and second order
derivative wrt X;

R(,- U-L/v;

(AB)’-——;—::(AB)+I'(%‘—%) (8)

2. Discussion on the differential relation of the
shearing stress.

1) when B=0, equation (7) is the shearing stress differ-
ential relation for the flow around the body of reveoiution
without the additive.

2) From equation (8), we have (AB) =(—Td')/o, in plane
uniform solution flow. Equation (7) becomes

(o= AY+ A +T(0—24))d" =R,V or s* {(c— 4)
+ AT (o—24)] 2% =1

4R (9)
Equation (9) has the solution
] r ’ -
R, = "4 (ou) 4 [a(gﬂ) + (T + 2A)a(.:»+.) ~24(T A)a§] (10)
when I'/A 1s an integer. '

g r: 1
Here = Aecd, a%—A(ad ed-;a(g_'))

When I'/A = 0, this is then the solution for the flow arouna
the body without the additional plane. phe plane drap

cefficient 2V 4 2 (dR, _ 2 [1("
coe clen SC'--R_X =5 ""S. “"(a—u’)dy’J
L

[ U‘ R‘_ [




For our model, we have

c,_yéit(zifﬂ (11)
L g

Figure 2 shows the relational curves of Cf to the Reynold
number Re for poly(ethylene oxide) solution of various concen-
trations I'/A = 1, 2, 5 and for pure water I'/A = 0. Here U_

= 10 m/s, V, = 0.023 m/s.

3) For the case of pure water, the separation ccndition
for the flow around a body is G-3baH=0; in the presence of drag-
reducing polymer, the separation point condition is

C—3baH+T6*(c—24—5A8%)=0

The extra third term is usually greater than zero. When separa-
tion exists, we ™.y interpret this as moving the separation

4.0 .
=0 (no additive)

€, %10

Figure 2. Curve of plane viscosity for uniform solution

point further to the rear (o,6+, G and H also change with
additive). 1In practice, the curve for wall shear stress
coefficient t./oU = 1/ is calculated from equation (7).
In the case of pure water, the tail of the body of revolution

i




makes o~ 1ncrease rapldly and 1w/032 curve decrease since

V*/V and r’/r are both large negative numbers. VWhen rw/ouz»o,

separation occurs. With additive, btecausc of the extra term
rs*(o — 24 — ba8™) , the coefficlent c¢f ¢’ increases so that

the fall-off phenomcnon of the curve due to V' /V and '/r is

moderated, delaylnrs the occurence of separation.

) It is very important in solving equation (7) to estab-
lish the wall concentration relation along, the longitudinal
direction and to derive from which the expression for (4B)’.
When we assume that the diffusion of the slit injected polymer
at the boundary layer 1g similar to the diffusion law of the
line source at the turbulent boundary layer, the final stage
wall concentration

C. (x) = g/0.55 8U (12)

{71

taken to be directly proportional to Cw’ equation (12) may be

where g is the unit length injection rate. When T 1is
re-written as

Fos* = constant (13)

From (13) with the consideration of the expressions for ¢ and

AB, we can derive
(ABY = [K, (o + T + AB ~ 35a8%) — (T + 4B)) %

+ P =K = 208N L — ki bos 22 (14)
where AB :

K, o=
' AB— A~ bas*

3. Experiment on drag-reduction and wall concentration
measurement for slit injection on a plane and on a body of

revolution.




C e - A o e mmma s ek vetian ) e o i o ® A n o o il R -

1) The measurin. procodure

The model used in this experinent consists of a plane
and a body of revolution. The lensth of the plane 1o 3.0 =
and its thickness 1s 2% mm, with both endc trimmed sharp. There
is a slit of width 0.8 rmm at an anrle of about 30° with the
surface from the front end of the plane. Durin.; the experiront
the part of the plane under the water line 1i1s 0.338 m. i
sanpling slits of width 0.25 mm and effective length 30 - 35
mmn are placed along the longitudinal direction. Their posi-
tions are tabulated in tables 1 and 2. The body of revolutioeon
has a length of 5.463 m. There is an annular injecticn slit
of width about 0.8 mm and at an angle of about 7° with the
surface at a distance of 0.439 m from the front end of the

rody. Seven sampling slits similar to those for the plane are

placed along the longitudinal direction. We used the vacuum
suction sampling method with a sampling rate of about 0.3 cm3/
s.cm. For concentration determination we used the turpidity
method: 1 cec 50% sulphuric acid and 1 cc 1% phosphorous moly-
bdenum acid are added to 10 cc of the solution and the mixture
is shaken until the mixing is uniform. 10 minutes is allowedq
for the sclution to settle and then its optical density is
measured with a Model 72 photometer. The drag-reducing agent
is poly(ethylene oxide) with a molecular weight of about 3
million. The injection concentration is approximately 500 ppm
and the injection rates for the plane and the body of revol-
ution respectively are 1 kg/s and 0.74 kg/s.

2. Experimental results
Figures 3 and U4 represent respectively the experimental
results of the slit injection for the plane and for the body

of revolution. The experimental Reynold numbers are respectively

3 x 106 - 2.7 x 107 and 5.5 x 106 - 5.4 x 107. The largest
reduction of drag coeflficlent is approximately U5% and 39%.
For constant injection rate and injection concentration, the




4
m =
drag for pure water .o g
/ 80 - dray for pure water?
15~ (body of revolution + suppert)
Adr;xg with injection drap with injection / .
,.: % % dray J 0F (body of rcvolutinn\:— support)
“ . . . ~
10}-50 reduction § 4 7 dray reduction
40}50 : /
SE® 20 [-25 y oA
(////} ,/1//
X "../
!pl/ t ' q !(}(/— ] i A 1
2 4 6 2 ¢ 6 8 lo
Ulm/e) U(m/s)
Figure 3. Drag experiment Figure 4. Drag experiment
curves of the plane for pure curve of a bedy cof reveolution
water and for slit injection for slit injection cof poly
of 500 ppm poly(ethylene (ethylene oxide) sclution and
oxide). the comparison between theo-

retically calculated percentage
drag reduction and the exvepri-
mental results.

drag reduction decreases slightly with increasing velccity.
This decrease 1s more pronounced for the plane than for the
body of revolution because at high velocity there is less water
immergence for the plane due to the free surface effect.

The measured results of the wall concentration for the
plane and for the body of revolution with slit injection are
tabulated in Table 1 and Table 2 in which V is the flow speed
(m/s), Qj is the injection rate (kg/s), CJ is the injection
concentration (ppm), Cw is the wall concentraticn (ppm), and
X 1s the distance (m) from the front end. ¥ indicates a higher
concentration because the sampling bottle was not thoroughly
cleaned after sampling for the CJ = 1000 ppm case.

The Jresults for the wall concentration shows that the
variation of wall concentratiorn is larger near the slit outlet.

i i
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The wall

than the

concontration within 1.5 m fron thoe 2134 ic

25 nppm

1 ...
i, rer

caturited concentration of fer drar reduction

variation

cowurd the

for the casc of the beody of revoluticn., It

There scams to te a resion with rel-tively srall

in the cconcentration for a Tairly distance

lcnr

rear, esyvecially

1s difficult to reduce the wall concentruatlicn LYo an cxpress-—

ion used in reference [3], especizlly for ths rerion where €./

Vi
Cj=1. For the case as described in our paper, the wall con-
centration must be affected by the injection angle, the
pressure and the surface curvature of the object.

Table 1 Wall Concentration for the plane with injection

~conditions

of ]'njection V = 3.540 Ve 5,106 V == 6,561 YV == 7.820 V == 3,480
C. O)m=1.0 Q) =1.0 0y =1.0 0y =1.0 0)=1.0
i Cy = 536 C' = 536 C' = 536 Cj= 536 C, = 1000
0.236 420 476 440 424 862
0.375 310 364 360 340 832
0.681 200 72 204 157 552
1.170 37.2 62.4 60 84 66
2.202 3.3 12.7 143 13.1 10.1
2,757 8.5 8.4 8.8 9.6 14.3
Table 2 Wall concentration for the body of revolution '
with injection. }
conditions !
of injection V =4.060 Vo= 5.989 V = 6.962 Vo= 4,230 Vo= 4.055 V- 4,026
€. N 0,=0.735 | O, =0.735 | Q;=0.735 | O, =0.735 | Q,=0.89 Q) = 0.735
* \ C) =536 C; =588 Cy = 588 C; = 1000 Cy = 588 Cy = 588
0.454 104 200 233 793 420 462
0.895 116 112 100 530 208 182
1.397 114 104 110 246 136 110
2,199 ‘12,6 s.9 1.7 118 17.8 13.8
2.998 8.1 5.5 6.7 14.7 13.6 n.z
3,798 6.1 5.4 6.2 3.5 11.0 9.4
4.700 6.3 6.0 6.2 8.3 10.0 9.3
»
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by Comvparison between theorcetical calceulation and
experirental resuls

We carried out theoretical calculatlon for the boay
of revoluticn of len~4h 5.4€3 m at veleeitdies = U, € and 8 m/:.
The method in reference [8] was used for potential flow cal-
culation. Runce-Kutta method was used to solve quation (7).
When wo tcok Cw=;/0.555U and used equation (1LY for (AB)’ as
derived from it, the value for the drag reduction was somewhat
lower than the actuzl value. In thies paper we used in our
calculation the average value of the wall concentration as
determined by the experiment. The initial value was determined
from g == Alné* + bas* + B + AR where the boundary layer
thickness 5. 0.0598s/(logRes — 3.17) , S is the arc length, and
the corresponding Reynold number is Res(9). In the calcula-

Ve

tion, AB = C,log . When the velocity was UYm/s, the

Vecr

curves for the shear stress coefficient ¢, /pU'=1/c are
shown in Figure 5 for pure water and for pnoly(ethylene oxide)
with injectlon concentration 500 ppn.

for pure water

10
‘x\h—M{/‘l’-

with injection
i 1 3 1 L | 1 1 1
0.2 0.4 0.6 0.8 1.0
2

T

aﬁxm'

Figure 5., Theoretically calculated curves of Tw/DU2 for

water and for solution. Y

Integrating alceng the surface for wall shear stress for
water and for solution as well as for thelr difference, we
obtain respectively the value for drag coefficient and drag

10
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reductirn., Wo also plotted the theoretically calculated per-
centare droe reduction in Fipure 4 from whieh one can see that
the thecr-ticnal calculation basically agrees with experimental
result. This nethod riay be used to predict the calculated
drapy reduction for a body of revolution with injection.

Strictly spenking, when applylng tleyer's model to external

flow, and in partlcular to external flow with uniform concen-

tration, the assumed form AB = TI'(C.)la 22— requires proof
Vao

by direct rnieasurement.

The terms in equation (7) of this paper have clear physi-
cal meaning and its calculation is simple. Therefore it fur-
nished us a method to calculate drag reduction that basically
agrees with experimental result.

We are obliged to Comrades Zhou Dexiang and Vang Gueigin

for supplying data from concentration measurement.

REFERENCES

] Test, F. L., J. Hydronautics, 8, 2 (1974), 45—46.

) Sedov, L. 1., Vasetskara, N. G. and Ioselvich, V. A., Calculation of Turbulent Boundary Layer
with Polvmer Additives, ICDR, Cambridge, England 8cpt. 1974 B6—69,

8) Frumen, D. H. and Tulin, M. P, JSRB, 20, 8 (1976), 171—180.

[4]) White, F. M., Trons. 4SME, Beries D, 91, 8(1869), 871-878.

5) Meyer, W. A, 4IChEJ, 12, 8 (1968), 522—525.

8] Graville, P. 8., The Calculation of Viscous Drag of Bodies of Revolution, DTMB, R849 (1853).

7] Porch, M. and Hsu, K. 8., J. Hydronautics, 6, 1 (1972).

8] Young, A, D. and Owen, P. R., A Simplitied Theory for Streamline Bodies of Revolution and
fts Application to the Dcvelopment of High Speed Shlpn, ARC, R and M-2071 (1943).

[9] Graville, P. 8, ISP, 1, (9 (1960),

11

y) A

R s o o rewrs Ry




L e bk’ e R e e - s i s+ S8 o oo

SINPLE ANALYDIO OF A TnlURIETIAL N0ZTLE WITH

ALLULAR CROIDD=OGLECTICHAL CUTLET
Chen Xi, Cinghusa University

Notation: s R, ., A=nRPC/wf\ denotes respectively the
outer radius of the centrifugszal nozzle outlet, the vortex ficw
arm through which the fuel enters the vortex flow chamber, the
inlet cross-scctional area, and the geometrical chuaructeris-
tiec paramcter; &', u, a, L ¢=1-(rv/rs)2 denote respectively
the discharge rate of the simple centrifugal nozzle, the dis-
charge coefficient, the outlet spray angle, the radius of air
vortex, and the coefficient of effective outlet cross-section;
Gy Bus @y 7oy @r = 1 = (ri)re) denote respectlvely the discharge rate
of a centrifugal nozzle with annular cross-sectional outlet,
the discharge rate coefficient, the outlet spray angle, the
radius of the central cylinder, and the coefficient of annular

outlet crcoss-section area; w, w w denote respectively

s Yo
the total velocity at an arbitrgry going r in the outlet cross-
sectional area, the axial velocity, the tangential velocity and
the total veloclity when the pressure energy is completely con-
verted into kinetic energy; Pys Pgos p; denote respectively the
0il pressure in front of the nozzle, the static pressure at
the point where the centrifugal nozzle with annular outlet
r=rg, and the static pressure at the point where the simple
centrifugal nozzle outlet r = Ty (all are residual pressures
relative to the ambient medium); Yy is the corrected discharge
coefficient of the nozzle inlet passage and the coefficient
of flow column shape change as the fuel enters into the vortex
chamber, y is the fuel weight, and g is the gnavitational
acceleration; the subscripts 1, 2, 3 denote respectively the
results corresponding to the 3 different assumptions on Pg>
s denotes the value at the point where r = rs or denotes the
value of the annular outlet cross-sectional area, the sub-

12
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script v denotes the value at the aly vortex b iy the
superscript donotoes the value corresponding to the case when

the central cylinder is atsent (sinmple centrifugal nozzle).

1. Centrifural nozzels are widely used in power, acro-
nautic, chemical and metallurgical industries. The operational
characteristics o!r the simple centrifupal nozzle has long been
analysed by G. M. Abramovich [1 ] (we shall refer to it as A's
theory). A large amount of experimental and theoretical mat-
erials from analysis have been accurmulated. Ordinarily for
furnace nozzles the experimental results do not deviatle from
A's theory significantly. This shows that the theory basically
reflects the operational characteristics of the centrifugal
nozzle. Therefore it remains to be the foundation of indus-
trial calculations, and forms the point of departure for the

(2]

calculation of more complicated nozzles with structures.

To increase the range of centrifugal nozzle flow rate
regulation, various structures involving such forms as fuel
return, nozzle outlet cross-sectional area regulation, or co-
axial placement of principal and auxilliary nozzles, etc. may
be used [2,3]. 1In several of these cases, we encounter the
centrifugal nozzle with annular outlet cross-section. Research

on this kind of nozzles at present is still rather scanty.

In this paper we shall analyse a nozzle which relies cn a
change in the cross-sectional area of its annular outlet to
regulate the fuel rate (Figure 1). Its only difference from
the simple centrifugal nozzle is in the installation of a
conical-shaped pin rod at the center. The fual rate 1s regu-
lated by moving the pin rod forward or backward so as to change
the size of the annular cross-sectional area of the outlet
nozzle, while keeping the fuel pressure constant. The typical
result of experiments performed on the nozzle test platform

13
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04 05 06 07

eRm )
Figure 1. Centrifural nozzle Figure 2. Regulation char-
with adiustoble outlet cross~ acteristics of centrifural
sectional area. nozzle with adjustable outlet
1. Orifice, 2. Vortex f{low cross—-scctional area.
disc, 3. Central pin rod 4. Rectancular tancential slots
(can be moved forward or of dimension 1.87 x 2.595
backward), 4., fuel-separation A = 1.575
ring.

is shown in Figure 2. From Figure 2 we can see that when the
pin rod is being moved rorward and the blockage of the outlet
is being gradually increased, there is an initial stage during
which the nozzle flow rate and the spray angle are practically
unaffected by the plockagr:. They only show significant change
when the degree of blockage is greater than a certain value:

a rapid decrease with increasing blockage. Similar experi-
mental result is obtained in reference {3].

2. For conciseness, we shall base our analysis in this
paper on the theory of an ideal fluid in a simple centrifugal
nozzle. However, in order to obtain better accuracy in our
calculation with the theoretical formulae, we shall first make
some modifications to the original A's theory on simple cen-

trifugal nozzles, '

In a simple centrifugal nogzzle, owing to the centrifupe
effect produced by the tangential entry of the fuel oil, the
fuel does not flow through every part of the nozzle outlet

14
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crogsos-~soectlional arca.  Instead, an air vortex 1s formed near
the axis of the nozile, with the coefflicient of effective

. I
cross-ceetisnal area @=1—C(ra/r. <) | The marnitude of &

is devermined vy A, the peometrical characteristic parameter
of the nozzle 2t infinite stifrness:

Rr
¢h (1)

The geomectrical characteristic parameter A of the nozzle,

the coefficient of effective outlet cross-section area ¢, the

nozzle discharge coefflicient and the spray angle a are related
as follows:

"'l_% (2)
"2
' ®
LR N (3)
i 24p
o= en 1+«/T:_<r—) (4)

We differ frcom the original A's theory on only two counts: one
is that we Introduced in equation (1) the correction coeffici-
ent to correct the effect introduced by the fact that the dis-
charge coefficient in the tangential entrant passage is not
equal to 1 and the fact that the fuel shape deforms as the

fuel enters the vortex flow chamber, ¢<1; two is that we

have taken into consideration the effect on the spray angle
when the static pressure of the fuel is transformed into axial
velocity at the nozzle outlet. Let sin(a/2) = (average tangen-
tial velocity at the nozzle outlet)/(the total velocity when
the pressure before the nozzle is completely tgransformed into
kinetic energy).

Table 1 compares the experimental results with the results
calculated from equations (1) - (4). The average value and

15
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upper and lower error limits for 16 nozzles are

LER e 1,004 200 Txw g 015 20

-G48
Han Can

while the ratio of the experimental results with that from the
original A's theory are

—LSR w088 031, 5 0.87 27

Hrran Cruun
Hence the modified or corrected formulae (1) - (4) agrees
better with experiment than the original A's theory.

The nozzles listed in Table 1 all came from actual produc-
tion and therefore may be regarded as representative. For
the 2 nozzles used in our experiment, when ¢y is taken to be
0.8, the calculated results from (1) -~ (4) also agreed well
with experiment. When the central pin rod is ineffective
(equivalent to a simple centrifugal nozzle), for the nozzlc with
3 tangential circular holes and A - 1.123, the discharge
coefficient has a computational value of 0.411, the experimen-
tal value being 0.371, computed value for the spray angle is
69.5°, the experimental value being 61°; For the nozzle with
b rectangular tangential slot and A = 1.575, the computed value
for discharge coefficient is 0.337, the experimental value
being 0.335, the computed value for the spray angle is 78.7°,
the experimental value being T72°.

In Table 1, we take ¢ = .8 to compute A. Strictly
speaking, ¥ should bz dependent upon the structure of the
nozzle and 1ts state of mechanical processing. For simplicity,
we shall take ¢ = 0.8 in all the subsequent analysis.

For computation of equations (2) and (3) it is possible
to use the curve in reference [1]. Equation (2) - (4) may also

16
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43 % 1.087]1.0009. ‘)80‘1 .095/1.048,1. 0571.0640.8460.902\.051I.lsf'o .93810. 884{0. 955'3 .98510.94¢1.004
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1
€9.5 71.8/ 73. 3% 75.0; 77.3} 85.0] 74.5] 83,6 99. 0} §2.0, 102 76 87| 78

'.3 g 83.¢ Sl.4| 78.31 79,50 73.3' 75.2{ 79.8! 72.4! €4.7| 83.6f ¥4.7| €6.7) 98.6| 75.3{ 79.8 80.4
- "
b ] b 0.841:0.9140.8840,90311.0000.9970.96811.174}i l500.9971.045l.2301.035'1.035'1.086,[0.971 1.015

] [ | | Y ) i

Key: (1) Nozzle No.; (2) Average; (3) Geometric Character-
lcties; (4) Dlscharne rate, (5) Ratio of experimental
to theoretical; (6) Spray angle.

be approximated with the following relations:

po= 0.428 A0 (5)
@ = 0.630 4~ (6)
a = 65.2° A% (7)

We obtained these approximate relations by using the least
square method on a numerical calculator. In the region

A=0.7 - 4.0, the results do not differ from those obtained by
using equations (2) - (4) by more than 2%.

3. Let us now analyse the operational characteristics
nf the centrifugal nozzle with an annular outlet. Analogous
to the treatment in reference [1], we consider the case of
an ideal fluild. Let the radius of the nozzle outlet be r.s
and the radius of the concentric cylinder be rg so that the
actual nozzle outlet cross-sectlonal area 1s the annular region
bounded by the concentric circles with radii r, and rg (Figure
3). There are two possible cases: (1) r_ 1s less than the
radius of the air vortex as calculated from the A value; (2)
r, 1s larger than this vortex radius. We discuss the cases

17




separately below:

1) Case of ro<& r, (Figure 3a). Here the cylinder only
occuples a part or the whole of the vortex cross-sectional
area, and will not affect the flow of the oil. Therefore the
discharie coefficient and the spray angle of the nozzle are
exactly the same as in the absence of the cylinder. We can use
the formulse (2) - (U4) for the simple centrifural nozzle in
our computation. This prediction has been verified by our
, the dis-
charge coefficient and the spray angle of the nozzle are

experiment: from Figure 2, when Cr./r.) < 038
independent of (r’s/r'c)2 when the computed value of (rv /rc )2

is 0.384, which demonstrates that for rg < Ur the magnitude

V,
of rs does not affect the discharge coefficient and the spray
angle of the nozzle. The experimental result of reference [3]

agrees with this conclusion.

2) Case of r T, (Figure 3b). Here the insertion of the
central cylinder not only will make the air vortex disappear,

{s) (b)

Figure 3. Outlet Cross-~section of a centrifugal nozzle
with an annular outlet

(a) rg<r, (b) ro>r,

but will aiso directly affect the arca of the oil flow. Let

Gs and p_ respectively represent the flcw rate and the discharge

18
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coefficirnt ¢of the contritiusal nozole with the annular outlet 1
Py be the residual precoure of the Tuel ¢il in the nozzle
relative to the wmbient mediun, vy be the welrht of the fuel

¢il, ard ¢ bte the grovitetionel gececleratlion, then 1‘
G, = uxrv/ 27, (8) #

It is easy to prove with the same method as in reference [1] ]

that: the axial veloclity W in the cross-sectional area of »

the outlet is still uniformly distributed, independent of r.

" G: Ty 3

Thus, We == . rio) where @, =1-— (—': . M

We notice that the total velocity at the inside boundary rg

of the nozzle's annualr outlel (assuming Pg to be the resi-
dual static pressure with respect to the ambience at that

point) is 5 > o
vim VT = [E— = [E 1= 2
G,
in which the axial velocity w"-.w‘-.yxﬂ¢’ and tangen-
tial velocity g, =-C:R o G 4__, . Hence
rhor,  yari/T=o,
— 1—-2 4
G,- :JZE '———-‘____&'_-—
rxr TPO Jl A‘ (9)
e f aieompny
o; 1—¢,
Comparing (8) and (9), we know that the discharge coefficient

of the centrifugal nozzle with annular outlet when rs>rv is

1 A?
b J Po Q’Z 1~¢,

For a glven nozzle set of and operating conditions, Pgys A, ¢S

are all known quantities. Therefore the key to computing Mg
is the determination of the residual pressure pg at the surface
Toe Generally speaking, pg may be a complicated function of
¢s (or rs). Since at present there 15 a lack iIn direct experi-
mental data about Pgs we adopt the method of making all kinds y

of assumptions on Pgo deriving the corresponding formula for
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p . and then conmraring the diftferent cowmputed results with the
O

experinent to deternine whlch assumption about P is more in

agreement with realluvy.
We have made the following three assumpticns about Pyt

(1) We assume that the static pressure at r=r stays the same
before and after intrcducing the central cylinder. Thus the
static pressure Peq at the surface of the cylinder is equal to
p;, the static pressure at r=r_ in a simple centrifugal nozzle.
Analecsous to reference [1]

v L4 " ” r (G R\ 1 1 1 1
pampim L Gty = ity = L(CRV(L - LYo ey (L=~ o
.2 28 \rdf/ Ny . 1—¢ 11—

whence

p & 1—&'.=\/1_ AP | S | ,
TR 1- way (s - 2)

Substituting into equation (10), we get

1 1
AJ( —__..._-__)
\/1 () 1—¢ 1—g¢,

Ha - —_————
1 A
\/;é-’_l“?’l (ll)

(2) We assume that the axial velocity at the nozzle outlet
stays constant before and after the introduction of the cylinder,

j.e. w. /w2 = 1. Since
we . \G'/ \g, B,

then we have

12
B = 1./ P (12)

Substituting equation (12) into (10), we see that this is
equlvalent to assuming

e - () - (G2 (]
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(3) We assurme that the pressure psB = 0 on the surface of the
central cylinder at all times, I.e. even rs>rv, the static
pressure con the cylindrical surface is always equal to the
ambient pressure. From equation (10) we know

] Al
y=1f 5+ =
b '/\/qo: 1— g, (13)

All of the eguations (11) - (13) derived from the three differ-
ent assumptions give results in qualitative agreement with the
experinment, namely that when rs>rv, as rs i1s increased (¢S is
decreased), both the discharge coefficient and the spray angle
of the centrifugal nozzle with annular outlet decrease in value
(see below). To determine which assumption about Py is in
quantitative agreement with the experiment, we compare the com-
puted results of equation (11) - (13) with experiment. Figure
4 and Figure 5 present the ratio of the computed to the experi-
mental results for the tangential circular hole type nozzle and
the tangential rectangular slot type nozzle respectively.

From Figure U we can see that for this tangential hole type
nozzle, when s is large (small blockage), the experimental
points follow more closely to the curve calculated from equa-
tion (12) and when ¢ decreases (blockage increases), the experi-
mental points gradually shift over to the curve of equation (11).
From Figure 5 we can see that for the tangential slot type
nozzle the experimental points follow more closely the calculated

curve of equation (11).

The author of reference [3] changed ¢s by installing con-
centric cylinders of different dlameters in the center of the
tangential hole type nozzle when he investigated the problem
of the interaction between the principal and auxillary nozzles
in a gas-fired turbine. His result showed that the experimental
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1. Computed from (11) 2 from (12) 3 from (13) Ratio of
computed to experimental results

Figure 4., Discharge coeffi- Figure 5. Dischargze coeffi-
cient of centrifugsal nozzle cient of centrifugzal nozzle
with adjustable outlet area with adjustable outlet area

of the tangential hele type. of tangential slot type.

three ¢3.2 tangential circu- four rectangular tangential
lar holes A =1.123 slcts 1.87 x 2.595 A = 1.575

Similar to the above, for ry >r the spray angle is calculated
from the fcllowing egquation:

where ﬁm is the average tangential velocity at the outlet of
the centrifugal nozzle with annular outlet, which we take to
be the tangential velocity at (r tr, )/2, 1.e.

5y = —C.K 244, \/_g N
7”4’(".’-') 1 -l- l""(p

The total velocity W when all the pressure energy is trans-

formed into kinetic energy is

Wy = z‘r‘h
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lfence

G, = 2sin™ (————EJ‘—'——)

(14)
Substitute the diffurent p_ derived frem the different
assumptions (equation 11 - 13) into equation 14, we get the
corresponding formulae for ag:
2A pn
(1) v =Py =gk o = 2:in™ (—2AL) (15)
s b= piH ' 1+V1— g,
(2) Constant axial velocity before and after inftroducing
he linder
t cy - ( 274 1 \) 6
;™ —_—

(3) pg =0

g, = 2sin™ (—-——-—gﬁ_li'ﬂ-’;:_:) (17)

1+vY1— ¢

[ 22 P .
b . e ) paand
012 - .
.-
L .
[ .
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o.A | S | ) AU S Y |
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Figure 6. Ratio of discharge coefficient of centrifugal nozzle

of tangential orifice type with annular outlet to the computed
result from equation 12.

four circular inlet holes
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a, = 25in”? ( 24 )

Substltute the diffcrent i, derived frem the different
assumptions (equation 11 - 13) into equatiocn 14, we get the

corresponding formulae for a

S:
= ] ¢ - PR 2Al,|
(1) Pg=P's  p =g, 0 = 25in™ —"_L_;+J1—¢,) (15)

(2) Constant axial velocity before and after introducing

linder
the cylinde .—.( 24 1 )
ﬂn Lol Zsln —

1+V1— @ (16)
(3) pg =0
a, ™ 2sin™! ———-2-4.11—’.._’—::
(x+\/1—qo,) (17)
nl ..
! T
u?;- :
3
mur *
!
004 f
i
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Figure 6. Ratlo of discharge coefficient of centrifucal nozzle
of tangential corifice type with annular outlet to the computed
result from equation 12.

four circular inlet holes
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For the tonsontial hole tyre and the tangensial slot type
no:xcles that woe used in our experinments, the ratio of the
experimental recsult to that cerputed from equation (15) - (17)
arc shown scpurately in Figures 7 and 8. It can be seen thut
the alfferent formulae all give results in gualitative agrecencont
with experinent, namoely that when &S decreases, the spray angle
o also decrecascs., Except for small values of ¢g when the

error 1s relatively large, the erperimental points for the tan-

gential hole type nozzle are closer to the computed result from
equation (16) while those for the tangential slot type nozzlce
are closer to the computed result from equation (15) (Figure 8).
The principal reascn why the computed values deviate from
experiment fer small ¢S is that the parts of the nozzle are not
truly concentric. The nozzles used in our experiment are used
in actual production. There is always some degree of eccentri-
city between the central pin rod and the orifice. When the
blockage is large (or when ¢s is small), the spray cone deviate

significantly from axial symmetry so that in some directicns

the spray angle is much larger than that in some olher directions.

This also affects the discharge characteristics of the nozzle,
and may well be what caused the discrepancy in the results for
small ¢ in Figure 4 and 6.

Thus, for the tangential hold type nozzle, the discharge
coefficient (Figure 4 and 6) and the spray angle (Figure T7)
both support the assumption that the introduction of the central

cylinder does not affect the axial velocity at the nczzle outlet;

however, for the tangential slot type nozzle, the discharge

rate (Figure 5) and the spray angle (Figure 8) both support the
assumption that the static pressure at ry is nat affected by

the introduction of the central cylinder. Further investigation

is necessary to find out why there 1s a difference in the regula-
tion characteristics of the two types of nozzles with different
structures.

—————
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Figure 7. The ratio of

calculated to experi-~
mental values of the spray
angle for a centrifugal
nozzle of the tangential
hole type with adjustable
outlet cross-sectional
area.

Three 3.2. tangential holes

A =1.123

Figure 8. The ratio of
calculated to experimental
values of the ospray angle

for a centrifugal nozzle of
the tangential slot type with
adjustable outler cress-
sectional area.

Four 1.87 x 2.595 rectangular
tangential slots.

A= 1.575




4. In summary, the opceratlonal churacteristics of the

centrifural nozele with annular outlet are as follows:

3 1) VWhen the radius of the central cylinder is not larger

than the value of r, computed Trom the value of A (equaticn 1),
the 1introduction of the central cylinder dees not affect either
the discharge rate or the spray angle of the nozzle. Comruta-
tions may be carrioed out with the equations for the sinple
centrifugal nozzle, equations (2 - ) (or oyintioas (5 & 7)).
For the nozzle with co-axially arranged principal and auxiliary
nozzles, the outer diameter of the auxilliary orifice should not
be larger than the air vortex of the principal nozzle (calcula-
ted from equation 2).

2) When ro>r, as b decreases (blockage increases), the
discharge coefficient and the spray angle of the centrifugal
nozzle with annualr outlet both decrease. The decreasc of the
discharge rate is necessary for regulating the fuel rate, but
the decrease in the spray angle is usually undesirable. It is
Just because of this that not tco many nozzles with only adjust-
able nozzle outlet cross-sectional area are used in practice.
For such nozzles, the range of the regulation ratio should not
be too large, i.e. ¢s should not be made too small, so that too
small a spray angle may cause an overly concentrated fuel dis-
tribution and poor atomization. Within the practical range cf
regulation ratio, we suggest that equation (12) and (16) be

used to compute the discharge ratc and the spray angle for a
tangential hole type centrifugal nozzle with adjustable outlet
cross-sectional area and that equation (11) and (15) be used

for the tangential slot type nozzle.

If the nozzle inlet cross-sectional area 1s also adjusted
at the same time when the outlet cross-sectional area is
adjusted, then the problem of the changing spray angle when
only the outlet cress-sectional area is adjusted may be over-
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cone, It desiiteed proresdy, Yhe cpray ooncle pay well roemaln

unchan-od wieen the disohurme rave of the nozzle 4o being "
adjasved.  Jome exyoriooental result in this direction was piven i
in reference [47, Indicuving thet this 1s really an inprovement E
with proetical walue, owevor, o forene [ railed to sive the

corrcct conyutnatlienal schome feor thls case of simultancously

J
adjusting: both the inlet uand outlet crosc-secticnal areas. A

slight modificatlion in the cemputational scheme in our paper

Qo
should ecnabtle us to apply it to this more complicated situa-
tion; we nced only to concider that in the regulating process,
as ¢S varies, the inlet cross-scctional area also varies, honce
the geometrical characteristic parancter A calculated from
equation (1) is now a variable. The effect of this computational
scheme will be left for future investigation.

Addendum: The cool state experimental result of the power
plant fuel nozzle cited in Table 1 was obtained jointly by the
Beijing Central Research Conicr, Department of Hydroelectricity,
the Beijing Thermal Power Generating Station and the Yian Ther-
mal Engineering Research Center. We also cited part of the
cool state experimental result on nozzles with adjustable out-
let cross-sectional area done at the Capital Steel Forging
Plant. Comrades Jin Yongli, Zhang Buzhou, Zul Xiansheng, Zhang
Keming, Huang Jiaqi, Yu Zhemin and Wang Shengli also partici-
pated 1in this experiment.
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